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Abstract • The main goal of this paper is to demonstrate he validity of the Maxwell-Stefan theory for the 
description of liquid phase mass transport processes in a binary mixture. To critically test this theory absorption 
experiments of ammonia in water were conducted in a stirred cell. The flux model developed by Frank et al. 
(1995a) has been extended to a dynamic reactor model taking thenmedynarnic on-idealities and concentration 
and temperature d pendent physical parameters into account. Calibration of the stirred cell was achieved on basis 
of carbon dioxide absorption experiments in water. By using the Maxwell-Stefan flux expressions instead of Fick's 
first law, and therefore accounting for the convective transport contributions, the deviation between theory and 
experiment reduces from 20-30% to 5-10%. 
INTRODUCTION 
Mass transfer between agas and a liquid plays an important role in many industrial processes. Examples are 
distillation, reactive distillation and various ab- and desorption processes. Usually the mass transport is described 
with Fick's first law, which postulates a linear dependence of the flux of a certain component with respect to its 
concentration gradient. In case of e.g. distillation and absorption of highly soluble gases convective transport 
contributions (i.e. drift) play an important role. This additional transport mechanism can lead to situations where 
fluxes of components are directed against heir concentration gradients or situations in which an apparent 
enhancement of mass transfer occurs. The Maxwell-Stefan theory for mass transport can describe these 
phenomena on a more correct and fundamental basis. Within the framework of this theory the sum of all driving 
forces is set equal to the sum of all resistance forces. The interaction between the components i  represented 
with binary diffusion coefficients. Frank et al. (1995a,1995b) developed a general applicable model, based on the 
Maxwell-Stefan theory, which can predict mass and heat ransfer fluxes through avapour/gas-liquid interface in 
case a reversible chemical reaction with associated heat effect akes place in the liquid phase. In these theoretical 
studies it was shown that in case of absorption of a pure, highly soluble gas, the Maxwell-Stefan theory should 
be used and more importantly that heat effects, due to heat of dissolution, may affect the absorption rate 
considerably. 
In literature it has already been shown that the Maxwell-Stefan theory constitutes an excellent theoretical 
framework to predict, qualitatively and quantitatively, experimental data for various gas phase mass transport 
processes ( ee e.g. Taylor and Krishna (1993) with experimental data of Duncan (1962), Arnold (1967), Carty 
and Schrodt (1975)). In case of liquid phase mass transport processes the quantitative validations of the MS- 
theory are relatively scarce and less evident, partly due to the fact that binary diffusion coefficients are 
composition dependent (see e.g. Taylor and Krishna (1993) with experimental data of Krishna et al. (1985), 
Krishnamurthy and Taylor (1985) and Vogelpohl (1979)). 
The main goal of this paper is to demonstrate the validity of the Maxwell-Stefan theory for the description 
of liquid phase mass transport processes in a binary mixture. In this case the MS-theory simplifies to Fick's 
first law with superimposed drift. Therefore absorption experiments of carbon dioxide in water and ammonia in 
water were performed using a stirred cell where the experimental data were compared with theoretically predicted 
absorption fluxes using a dynamic reactor model. 
THEORY 
The detailed escription of the gas - liquid flux model is given in Frank et al. (1995a) and will not be 
repeated here. This model can predict mass and heat ransfer fluxes through avapour/gas-liquid interface in ease a 
reversible chemical reaction with associated heat effect akes place in the liquid phase. It is based on the film 
model where the Maxwell-Stefan theory has been used to describe the mass transport. The original model, which 
assumes a thermodynamic ideal system, has been extended to account for the thermodynamic non-idealities by 
using the general MaxweiI-Stefan equation (see Table 1) where the physical parameters are taken temperature and 
composition dependent. Furthermore the flux model has been embedded into a dynamic reactor model taking 
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convective transport in the bulk of both phases into account (see Figure 1). The model equations as well as the 
input data are shown in Table 1. 
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Figure I Schematic representation of the reactor model. 
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Figure 2 Correlation of mass transfer data of Verstee s (1987). 
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Input data 
chemical reaction: r = 0 
physical and thermodynamic properties of ammonia nd water 
from Danben and Danner (1989) 
thermodynamics ammonia - water system 
VLE data from Gmchling et al. (1988) 
II]('~NH3) =(-0.0166T + 8.517}Xmb + (0.015IT - 6.935) 
ln(~H2o) = (-0.0166T + 8.517) (ln(xrlao) - XH20) + (-0.0166T + 8.517 
exper/ment~ data 
from Frank et al. (1996) 
D~,N.,. H~ =0.65 + 2.47~N~)10" ea~-~) 
Dus,Nn,-nao = Dv$.~ m Rio 
I + XNH., ¢~'~H$) 
dxn~ 6 
"qlsrls-Hao = {0.67 + 0.78xmb) 10- exp{~l  
-- (~v,outyi,bHvi,out " E aV + Qv 
i = 1 nl~$S f f~r  
~, = -. J - -  dj'°'36n,'°'~l,°'lSp,~'lSD,,°'5° from Versteeg (1987) 
0.18 ii 
= i ~= 1~Liexi.ia Hti,in - i~.  =1= ~l,.utXi,bH vi,.~t + E aV + QI ~,rlt--o= a ,ll" o.4Olnl-e.72r~L.,j..O.Swpt.., .*-0 0327.1.1 " e l  t.°-e.4OSme 4oeso.ln 
Gk = GffiLe °'s 
Table 1 Model equations and input data for dynamic reactor model. 
Three input parameters are unknown and depend on the reactor which is used: the film thickness in the gas 
phase 5 v and the film thicknesses 8 m and ~ for respectively mass and heat transfer in the liquid phase. As only 
experiments are carried out with pure gases and gas phase resistance is negligible an exact value for 8 v is not 
required. The film thickness for heat transfer 8 h can be calculated from the film thickness for mass transfer 8 m 
and the Lewis number if an assumption concerning the nature of the transport processes is made. The film 
thickness for mass transfer has to be known as function of a number of parameters uch as the diffusion 
coefficient, liquid viscosity and reactor geometry. Versteeg (1987), who has used almost he same stirred cell for 
his absorption experiments, has developed an empirical correlation for the Sherwood number. A critical 
examination of this Sherwood correlation reveals that some parameters appearing in the dimensionless groups 
have not actually been varied such as the stirrer diameter d s and liquid density Pl. Furthermore, the diffusion 
coefficient and the liquid viscosity have not been changed independently and since their product was almost 
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constant, he dependence of the mass transfer coefficient on the diffusion coefficient cannot be determined 
accurately. Therefore the data of Versteeg (1987), obtained for the CO2-H20, N20-HzO/DEA, N20-H20/MDEA 
and N20-H20/DIPA systems, have been reinterpreted in this study where the following expression was used as 
the starting point: 
kl - a TltbDl ~ (1) 
nl 0.72 
The constant c was given respectively values of 0, 0.5 (penetration theory) or 1 (film theory). The best fit was 
obtained with c = 0.5, producing an average deviation of 5.9% with a standard eviation of 3.6 %. Figure 2 
shows a parity plot of the experimental data points of Versteeg and the best fit according to eq. (1) obtained in 
this study. The film thickness for mass transfer ~i m can be calculated from eq.(1) according to 
8m = D1/kl (2) 
AS c = 0.5 indicates a penetration type of mass transfer, the film thickness for heat transfer is given by: 
8.._hh = Le0.5 (3) 
Evaluation of viscosity, diffusion coefficient and Lewis number, data which are required for calculating 8 m and 
8 h, involves an iterative process since these quantifies have been obtained by averaging their respective values at 
the gas-liquid interface and the liquid phase bulk. 
EXPERIMENTAL SET-UP 
A flow scheme of the experimental set-up is given in Figure 3. The absorption experiments were carried out 
in a thermostatted double walled stirred cell of glass with an internal diameter of 94.4 mm and a height of 208 
ram. Four baffles are present in the liquid phase to obtain a flat liquid surface. The gas and liquid phase can be 
stirred independently. The liquid phase stirrer consists of 3 pairs of stirrer blades with a blade height of 10 mm 
and a total diameter of 70 mm, its speed can be varied between 0.2 and 1.5 s -l. The gas phase stirrer consists of 
5 pairs of stirrer blades and has a standard stirrer speed of 4 s q. Thermocouples have been positioned at 4 axial 
positions to measure the temperature of both phases at several radial and two axial positions. The stirred cell is 
equipped with a pressure transducer mounted in its top-side wall and is operated with continuous throughflow of 
both phases. This mode of operation offers the opportunity to measure under steady state conditions and gives 
accurate results. 
The liquid is fed to the reactor from a small storage vessel ocated at an elevation of 4 m resulting in a 
constant liquid head to ensure a constant liquid flow rate. Before the liquid enters the stirred cell it passes a
rotameter and a heating coil to obtain the desired reactor temperature. The liquid level in the stirred cell is kept 
constant manually by controlling the outlet liquid flow rate with a rotameter. Before the liquid enters this 
rotameter it is cooled down to room temperature. In case of CO 2 absorption i  water the liquid phase reactor 
effluent is sent directly to the drain, whereas in case ofNH 3 absorption the liquid phase waste stream is collected 
in a storage vessel. The liquid phase volume is 550 ml and the liquid flow rate can be varied between 0.05 and 3 
ml/s. 
The gas inlet section consists of 2 mass flow controllers to obtain constant flow rates of carbon dioxide or 
ammonia. The flow ranges are respectively 100 and 10000 nCC N2/min. Before the gas enters the stirred cell it 
passes a heating coil to obtain the desired inlet temperature. The outlet gas flow rate is measured with 2 mass 
flow meters with maximum flow rates of 100 and 1000 nCC N2/min. All relevant pieces of our equipment were 
kept at a constant temperature of 50 °C to prevent condensation f water. In case of absorption of CO 2 the gas 
phase waste stream was vented, whereas in case of absorption of NH 3 the gas phase waste stream was fed to a 
scrubber. 
Absorption fluxes were measured by setting the flow rates of both phases, the temperature of the 
thermostatted bath, the liquid height and monitoring the outlet flow rate of the gas phase. Corrections were made 
for the presence of water in the outfiowing as, using the assumption that the gas phase is saturated. 
I-'- > 
Figure 3 Flow scheme of the experimental set-up, 
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RESULTS AND DISCUSSION 
co  z . HzO 
Like almost all gases CO 2 has a low solubility in water and as a consequence the Maxwell-Stefan flux 
expression reduces to the well-known Fick's first law. Furthermore, thermodynamic non-idealities and heat 
effects are negligible and the mass transfer coefficient kI can directly be calculated from the experimentally 
determined absorption fluxes. Absorption experiments of CO 2 in water were conducted to investigate whether 
the mass transfer coefficients can indeed be represented by correlation (1) with values for the constants a,b and c 
as given in Figure 2. Since the dimensions and geometry of our cell only slightly differ from those of the stirred 
cell used by Verstecg (1987) it is expected that the same correlation applies in this case with a possible minor 
modification of the empirical constant a. Furthermore, measurements were carried out to investigate the 
correctness of our experimental pproach which differs from the one adopted by Versteeg (1987). 
Experiments revealed that the measured CO 2 absorption flux was unaffected by the flow tare of both phases 
and stirrer speed in the gas phase. However, contrary to Verste~g's finding, an influence of the liquid height on 
the CO 2 absorption flux was found, as depicted in Figure 4. In this figure the ratio of the experimental nd 
calculated (from correlation (1)) mass transfer coefficient has been plotted as function of liquid height H 1, where 
H 1 = 0 and H 1 = -1 cm represent the situations where the gas-liquid interface coincides with respectively the top 
and the bottom of the upper stirrer blades. Note that a maximum occurs at H 1 = 0 cm. The experimental mass 
transfer coefficients equal their calculated counterparts in case the liquid interface is positioned half way the 
stirrer blade or a few ram's above the stirrer blade. In case the liquid surface is positioned in the neighbourhood 
of the lower stirrer blades, a similar profile and practically identical k I values are found in comparison with the 
results for the upper stirrer blade. In this study H 1 = 0 has been chosen as the standard situation. 
Mass transfer coefficients were determined for various liquid phase stirrer speeds, liquid phase temperatures 
and liquid flow rates. Figure 5 shows a comparison between our experimental k I data and the k 1 values obtained 
from correlation (1). It can be concluded that the average deviation in case of H 1 = 0 is approximately +10%, 
which is probably due to the aforementioned phenomenon a d slightly different reactor dimensions. To account 
for the effect of H 1 on the mass transfer coefficient the empirical constant a appearing in correlation (1) has been 
taken as a function of H 1. The resulting adapted mass transfer correlation, shown in Table 1, has been used in 
our theoretical model to calculate the fluxes in case of ammonia bsorption i water. 
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SH~ . HzO 
Contrary to other gases, ammonia has a very high solubility in water, despite its non-dissociating character. 
Due to this high solubility, convective Wansport will become important and additionally due to high absorption 
fluxes heat effects will become significant, resulting in temperature profiles near the gas-liquid interface. With 
this absorption system it is possible to demonstrate hat the Maxwell-Stefan theory is required for describing 
mass transport, i.e. taking convective contributions into account, and additionally that heat effects must be taken 
into accounL 
First experiments were conducted to investigate the influence of the liquid height on the absorption flux of 
ammonia in water. The results are shown in Figure 6 and indicate a similar dependence aswas found in case of 
CO 2 absorption. Here also H l = 0 was taken as the standard situation. Furthermore it can be seen from Figure 6 
that our model pre, dicts the experimentally observed NH 3 absorption fluxes very well. 
Figure 7 shows a typical graph where the experimental fluxes are plotted as function of liquid stirrer rate. At 
low stirrer rates unexpected low absorption fluxes are observed, which either may be attributed to incomplete 
mixing of the liquid bulk or to the fact that the interface, with its higher ammonia concentration, is less dense 
than the liquid bulk and as a consequence v rtical mixing of surface lements i incomplete, causing higher 
contact times and consequently ower mass transfer coefficients and lower fluxes. However with increasing stirrer 
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rates the experimental fluxes approach the predictions obtained from the reactor model provided that the 
Maxwell-Stefan flux expressions are used and heat effects are taken into account. Typical deviations between 
theory and experiment range from 5 to 10%. If Fick's first law is used and convective mass transfer is neglected 
the model systematically underpredicts the experimentally observed absorption fluxes, resulting at high stirrer 
rates in typical deviations of 20 to 30%. If heat effects are neglected the predicted fluxes are too high, due to the 
overestimation of NH 3 solubility. 
Similar effects can be inferred from Figure 8 where the NH 3 absorption fluxes are plotted as function of 
liquid bulk temperature. Note that the experimentally found dependence is predicted very well by the model. In 
ease Fick's first law is used the model systematically underpredicts the observed NH 3 absorption fluxes where 
the deviation slightly increases with decreasing temperature. 
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At high liquid stirrer rates the well mixed bulk conditions i  fulfilled as is evident from Figure 9 since the 
fluxes are predicted very well for the entire range of liquid flow rates. 
Figure 10 shows the dynamic response of the NH 3 absorption flux due to sudden in- or decreases of the 
liquid flow rate or the liquid stirrer rate. It can be seen that the model not only accurately predicts the stationary 
fluxes well, but also predicts the system dynamics very well. 
CONCLUSIONS 
The absorption flux of ammonia in water can be predicted by extrapolation of experimental data of CO 2 
absorption in water provided that the MaxwelI-Stefan theory is used for the description of the mass transfer 
process and heat effects are taken into account. However, in case of ammonia bsorption i  water, contrary to 
the CO 2 - H20 system, density and viscosity gradients are expected to exist at the gas - liquid interface, 
phenomena which might be the cause of the unexpected low NH 3 absorption flux observed at low liquid stirrer 
rates. 
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NOTATION 
a specific contact area, m -1 I.t chemical potential, J.mol -I 
Cp specific heat capacity, J.mol -I.K q M molar mass, kg.mol 1
C T total molar concentration, mol.m -3 v stoichiometric coefficient, - 
d s stirrer diameter, m n stirrer ate, s -1 
film thickness, m N molar flux, mol.m'2.s "l 
D diffusion coefficient, mX.s "l N molar content, mol 
E energy flux, J.m'2.s "l P pressure, Pa 
~, activity coefficient, - Q heat exchange rate, J.s "l 
molar flow rate, mol.s -1 p density, kg.m 3 
11 dynamic viscosity, Pa.s r chemical reaction rate, mol.m-3.s q 
H partial molar enthalpy, J.mol -I R gas constant, J.mol-I.K -i 
H l liquid height, cm T temperature, K 
J diffusive flux, mol.m-2.s -1 V volume, m 3 
k l mass transfer coefficient, m.s -1 x liquid molar fraction, -
~. thermal conductivity, W.m-I.K "1 y gas molar fraction, -
L liquid flow rate, ml.s -1 z distance from interface, m 
Le Lewis number M(CT.Cp.D ), - 
subscripts 
b bulk 1 liquid 
F Fick m mass 
h heat MS Maxwell-Stefan 
i interface v vapour 
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